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Motivated by the short-baseline neutrino oscillation anomalies that suggest the existence of sterile
neutrinos at the eV scale, we construct a scenario of a seesaw mechanism for 3+1 light neutrinos im-
plemented by warped compactification of an extra dimension. As the seesaw mechanism necessitates
at least two right-handed neutrinos at mass scales much larger than eV, incorporating an eV-scale
sterile neutrino into a seesaw entails large mass hierarchies among the singlet neutrinos. We show
that such hierarchies can be naturally explained by moderate fluctuations of the five-dimensional
fermion mass parameters.
I. INTRODUCTION
The progress of neutrino physics is remarkable. Today,
precise measurements of the neutrino mass-squared dif-
ferences and the mixing angles are becoming available [1].
The existence of light sterile neutrinos, the (normal or in-
verted) mass hierarchy of the active neutrinos, and CP
violation in the lepton sector are now major questions
that are expected to be settled by experiments in the
immediate future. In particular, the MiniBooNE Collab-
oration [2] recently reported 4.8 σ excess in the νe and νe
appearance experiments, and, combined with the Liquid
Scintillator Neutrino Detector (LSND) results, the con-
fidence level reaches 6.0 σ. Although consistency with
other experiments is still a matter of debate, if neutrino
oscillations are to be responsible for the anomalies1 the
combined LSND and MiniBooNE results strongly signal
the existence of sterile neutrinos around the mass scale of
eV. If confirmed, the discovery of sterile neutrinos would
have a huge impact on particle physics and cosmology,
not merely on the physics of neutrinos.
A theoretical challenge would then to work out how
the eV-scale sterile neutrinos may be incorporated in a
sensible theory beyond the Standard Model (SM). Since
these leptons are SM gauge singlets, and as the seesaw
mechanism is one of the leading candidates for the gen-
eration mechanism of small nonzero neutrino masses [5–
8], it seems reasonable to discuss a model in the frame-
work of a type I seesaw mechanism. For a successful see-
saw, at least two heavy singlet (right-handed) neutrinos
are necessary. It is also well known that the U(1)B−L-
extended Standard Model, which is obtained by gauging
the global U(1)B−L symmetry of the SM and gives rise to
the type I seesaw when the U(1)B−L symmetry is spon-
taneously broken, is anomaly-free only if there are three
right-handed neutrinos. Thus, the minimal anomaly-
free model must have one light (eV-scale) and two heavy
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1 A possible nuclear physics origin of the anomalies has also been
suggested. See Refs. [3, 4] for recent reviews.
(seesaw-scale) right-handed neutrinos, embedded in the
U(1)B−L-extended Standard Model. An obvious question
then is how such large mass hierarchies may be realized
in the neutrino sector.
Let us recall the ordinary type I seesaw mechanism
with three heavy right-handed neutrinos with the mass
matrix (in the order of the three left-handed and three
right-handed neutrinos) O m3×3D
(m3×3D )
T M3×3
 . (1)
On diagonalizing the matrix (or integrating out the right-
handed neutrinos), the 3 × 3 left-handed neutrino mass
matrix is given by the seesaw formula
m3×3ν ≈ m3×3D (M3×3)−1(m3×3D )T . (2)
For the Dirac Yukawa couplings of O(1), m3×3D is of the
order of the weak scale. Thus, for the neutrino masses of
m3×3ν . eV, the seesaw scale turns out to beM
3×3 ∼ 1013
GeV. In our 3 + 1 (+2) neutrino model, in which one of
the right-handed neutrinos is at the eV scale and the
other two are much heavier, the mass matrix is written M4×4ν m4×2D
(m4×2D )
T M2×2
 , (3)
where
M4×4ν =
 ∗O ∗∗
∗ ∗ ∗ M1
 (4)
in which the asterisks are nonzero matrix elements and
M1 ∼ eV. The seesaw formula for the 3+1 neutrino
masses is then
m4×4ν ≈M4×4ν −m4×2D (M2×2)−1(m4×2D )T . (5)
For a successful seesaw mechanism with m4×4ν . eV, the
entries of the matrix elements need to be severely tuned;
the nondiagonal elements of Eq. (4) need to be . eV,
and M4×4ν ≪ m4×2D ≪ M2×2. In this paper, we propose
a simple compactification scenario that gives rise to a
naturally tuned desired neutrino mass matrix (3).
2II. THE MODEL
We consider the minimal U(1)B−L-extended Stan-
dard Model embedded in the Poincare´ patch of a five-
dimensional anti-de Sitter (AdS) spacetime, the so-called
Randall-Sundrum background [9]; see also [10–12]. The
metric is
ds2 = gµνdx
µdxν
= e−2σ(y)(−dt2 + dx21 + dx22 + dx23) + dy2, (6)
where σ(y) = ky and k is the inverse of the AdS radius
which is related to the five-dimensional AdS cosmological
constant by Λ = −6k2. The fifth dimension coordinate y
is in the segment 0 ≤ y ≤ πrc, which is considered as a
circle of radius rc,
y = rcφ, φ ≃ φ+ 2π (7)
subject to Z2 orbifold projection φ ≃ −φ. The com-
pactification radius is taken to be πrck ∼ O(10). The
SM fields are assumed to be localized on the hyper-
surface at the orbifold fixed point y = πrc (“the IR
brane”), whereas the U(1)B−L gauge field and the right-
handed neutrino fields extend over the fifth dimension
(“the bulk”). The U(1)B−L Higgs Φ resides only on the
IR brane and has a vacuum expectation value 〈Φ〉 = vBL.
On the hypersurface at the other orbifold fixed point
y = 0 (“the UV brane”), we assume no matter field
except a cosmological constant. Because of the warped
geometry, the four-dimensional (reduced) Planck mass
M4 = 2.44× 1018 GeV is related to the five-dimensional
reduced Planck mass M5 by M
2
4 = (1− e−2pirck)M35 /k ∼
M35 /k. The matter contents of the lepton sector on the
brane are the lepton doublets ℓα, the lepton singlets
(sterile neutrinos) N ci , the SM Higgs doublet h, and the
U(1)B−L Higgs boson Φ. We use the convention in which
the four-dimensional fermions are written in terms of the
left-handed fields. The properties of these fields are sum-
marized in the following table:
Fields SU(2)L U(1)Y U(1)B−L Location
ℓα 2 − 12 −1 IR brane
N ci 1 0 +1 Bulk
h 2 + 12 0 IR brane
Φ 1 0 −2 IR brane
A. Singlet neutrinos from bulk fermions
The seesaw mechanism in the Randall-Sundrum back-
ground has been studied from various viewpoints [13–
17]. Our concern in this paper is to accommodate an
eV-scale sterile neutrino in a seesaw by realizing large
mass hierarchies among the right-handed neutrinos.2 In
2 Our model is analogous in spirit to the split seesaw scenario [18]
that realizes keV-scale sterile neutrino dark matter as domain
our model, the sterile neutrinos N ci are realized as the
Kaluza-Klein (KK) zero modes of the bulk fermions. The
four-dimensional chiral fermions are identified as the zero
modes of the five-dimensional Dirac fermions subject to
the Z2 orbifold projection [19–21]. We start with the
five-dimensional action of the bulk fermions:
Sbf =
∫
d5x
√−g
{
eµa
(
i
2
ΨγaDµΨ+H.c.
)
− sgn(φ)mΨΨ
}
,
(8)
where the terms involving spin connections are omitted
as they play no roˆle in the following discussions. The
sgn(φ) in the mass term is to keep this term even under
the Z2 parity of the orbifold. The pentads are e
a
µ = e
−σδaµ
for a = 0, 1, 2, 3, e5µ = δ
5
µ, and their inverse are e
µ
a = e
σδµa
for a = 0, 1, 2, 3, eµ5 = δ
µ
5 . We use the four-dimensional
representations of the five-dimensional gamma matrices
γa = (γ0, γ1, γ2, γ3, iγ5). The chiral components of the
bulk fermion fields are
ΨL,R =
1
2
(1∓ γ5)Ψ, (9)
which are decomposed into the KK modes:
ΨL,R =
1√
rc
∞∑
n=0
ψ
(n)
L,R(x)e
2σ f̂
(n)
L,R(y). (10)
For a consistent KK reduction, the action (8) should give
the four-dimensional action for canonically normalized
massive fermions ψ
(n)
L,R(x). This is accomplished by re-
quiring the orthonormality∫
dφ eσf̂
(m)∗
L f̂
(n)
L = δ
mn =
∫
dφ eσf̂
(m)∗
R f̂
(n)
R (11)
and the bulk equations(
± 1
rc
∂φ +m
)
f̂
(n)
R,L = mne
σf̂
(n)
L,R (12)
for the KK mode functions f̂
(n)
L,R. Here mn are the KK
masses. The left modes f̂
(n)
L and the right modes f̂
(n)
R
have opposite Z2 parities. The left and right nonzero
modes are coupled by Eq. (12), satisfy second-order dif-
ferential equations, and are solved as Bessel functions.
We shall not discuss nonzero modes in this paper, as
they do not give nontrivial physics at low energy.3 For
the zero modes, either f̂
(0)
L or f̂
(0)
R is nontrivial, since the
Z2 odd part is projected away. Without losing generality,
we shall choose the left component to be Z2 even. This
conforms to our convention that four-dimensional chiral
wall fermions.
3 The nonzero modes give flavor-changing operators [22], but the
constraints from the flavor-changing neutral currents are trivially
satisfied for our parameter range.
3fermions are expressed in terms of the left-handed fields.
The zero modes also satisfy Eq. (12) with a vanishing
KK mass and are normalized by Eq. (11). Thus,
f̂
(0)
L =
(
(1 + 2ν)krc
e(1+2ν)pirck − 1
)1/2
eνσ, f̂
(0)
R = 0, (13)
where ν = m/k. In our model4 we consider three gen-
erations of five-dimensional fields Ψi, i = 1, 2, 3, with
possibly different five-dimensional masses mi. Their left-
handed parts have KK decomposition:
Ψi,L =
1
2
(1 − γ5)Ψi (14)
= ψ
(0)
i,L(x)
(
(1 + 2νi)k
e(1+2νi)pirck − 1
)1/2
e(2+νi)σ + · · · ,
where νi = mi/k. The canonically normalized left-
handed zero mode fields ψ
(0)
i,L(x) are identified as (the
conjugate of) the right-handed neutrino fields N ci . The
five-dimensional mass parametersmi are naturally in the
same order as the curvature scale k, but their signs can be
positive or negative. We shall assume one of them, say,
m1, is smaller than − 12k and the other two are larger,
namely,
1 + 2ν1 < 0, 1 + 2ν2 > 0, 1 + 2ν3 > 0. (15)
These mild assumptions lead to the desired mass hierar-
chies of the singlet neutrinos, as shown below.
B. Majorana masses
The action for the U(1)B−L Higgs field on the brane
can be written
SΦ =
∫
d4x
∫
dy
√−g δ(y − πrc)
×
{
−gµν(DµΦ˜)†(DνΦ˜)− λ
(
Φ˜†Φ˜− 1
2
v˜2BL
)2}
.
(16)
Since δ(y−πrc) is an operator of mass dimension one, Φ˜
has the same mass dimension (one) as a four-dimensional
scalar. By rescaling
Φ = e−pirckΦ˜, vBL = e
−pirckv˜BL, (17)
the action (16) reduces to that of the canonically normal-
ized four-dimensional scalar Φ with spontaneously broken
4 The Z2 parity anomaly cancels only for an even number of
fermions in the bulk. In our model, the SM fields are well local-
ized on the brane but are of five-dimensional origin, so there are
16 bulk fermions per generation and 48 in total. Therefore this
model is free from both the Z2 parity anomaly and the U(1)B−L
gauge anomaly.
U(1)B−L symmetry. The exponential suppression of the
four-dimensional breaking scale vBL is a well-known fea-
ture of the Randall-Sundrum-type scenario [9].
The Majorana masses of the singlet neutrinos are gen-
erated by the U(1)B−L Higgs expectation value on the
brane. Let us consider the Majorana Yukawa term
SMY = −
∫
d4x
∫
dy
√−gδ(y − πrc) λij
M5
Φ˜ΨiΨj , (18)
where we have divided by M5 ≈ k to make λij dimen-
sionless. Upon KK reduction (14) and rescaling of the
field (17), we may write
SMY = −
∫
d4xλeffij ΦN
c
iN
c
j +KK modes. (19)
The four-dimensional effective Majorana Yukawa is
λeffij =
√
(1 + 2νi)(1 + 2νj)
(e(1+2νi)pirck − 1)(e(1+2νj)pirck − 1)
× e(1+νi+νj)pirckλij , (20)
which, introducing
ωi ≡
√
(1 + 2νi)e(1+2νi)pirck
e(1+2νi)pirck − 1 , (21)
is compactly written
λeffij = ωiωjλij (22)
(no summation). For πkrc ∼ O(10), the assumptions
(15) lead to ω1 ≡ ǫ≪ 1, ω2 ∼ ω3 ∼ O(1). Therefore, the
four-dimensional Majorana Yukawa exhibits hierarchical
structure:
λeff11 ∼ ǫ2 λ11,
λeff1j ∼ ǫ λ1j , j = (2, 3),
λeffij ∼ λij , i, j = (2, 3). (23)
C. Dirac masses
The Dirac masses of the singlet neutrinos originate
from the five-dimensional Dirac Yukawa term
SDY = −
∫
d4x
∫
dy
√−g δ(y − πrc)
( yαi√
M5
L
α
HΨi +H.c.
)
,
(24)
in which the factor of 1/
√
M5 ≈ 1/
√
k has been intro-
duced to make yαi dimensionless. The fields H and L
α
are the five-dimensional scalar and fermions that are re-
lated by rescaling to the Higgs h and the lepton doublets
ℓα canonically normalized in four-dimensions:
h = e−pirckH, ℓα = e−
3
2
pirckLα. (25)
4Upon KK reduction (14) and rescaling of the fields (25),
the Dirac Yukawa term becomes
SDY =−
∫
d4x
(
yeffαi ℓ
α
hN ci +H.c.
)
+KK modes, (26)
with the effective Yukawa coupling
yeffαi =
√
1 + 2νi
e(1+2νi)pirck − 1 e
( 1
2
+νi)pirckyαi
= ωi yαi. (27)
Thus, with our assumptions on the 5 dimensional mass
parameters (15) the effective Dirac Yukawa coupling are
yeffα1 ∼ ǫ yα1,
yeffαj ∼ yαj , j = (2, 3). (28)
III. BENCHMARK FOR THE SEESAW
MECHANISM
We have seen that the minimal U(1)B−L-extended
Standard Model embedded in the warped five-
dimensional background gives the Majorana Yukawa
term (19) and Dirac Yukawa term (26) in the effective
theory on the IR brane. After the U(1)B−L and the elec-
troweak symmetry are spontaneously broken, the mass
term of the neutrino sector becomes
Sν = −
∫
d4x
{
yeffαi ℓ
α〈h〉N ci +H.c. + λeffij vBLN
c
iN
c
j
}
.
(29)
With the assumptions on the mass parameters (15), the
Yukawa couplings exhibit the hierarchical structure (23)
and (28). Let us now focus on the seesaw mechanism
realized in this model.
Introducing
mαi ≡ yeffαi 〈h〉, Mij ≡ λeffij vBL, (30)
the mass matrix reads
0 0 0 m11 m12 m13
0 0 0 m21 m22 m23
0 0 0 m31 m32 m33
m11 m21 m31 M11 M12 M13
m12 m22 m32 M21 M22 M23
m13 m23 m33 M31 M32 M33
 . (31)
The Higgs vacuum expectation value is 〈h〉 ≈ 100 GeV
and the original Yukawa couplings λij and yαi are all
assumed to beO(1). We wish to realize the lightest sterile
neutrino at the eV scale:
M11 = λ
eff
11 vBL ∼ ǫ2vBL ∼ 1 eV. (32)
Next, the Dirac masses of the mα1 components must be
eV scale, mα1 = y
eff
α1〈h〉 ∼ ǫ × 100 GeV ∼ 1 eV. Hence,
ǫ ∼ 10−11, and then, from Eq. (32),
vBL ∼ 1013 GeV. (33)
The other Dirac mass components are mα2 = y
eff
α2〈h〉 ∼
100 GeV and mα3 = y
eff
α3〈h〉 ∼ 100 GeV. The remaining
Majorana mass components are also fixed as
M1j = Mj1 =λ
eff
1j vBL ∼ ǫvBL ∼ 100 GeV,
Mij =λ
eff
ij vBL ∼ vBL ∼ 1013 GeV, (34)
for i, j = (2, 3). To summarize, the mass matrix (31) is
written as  M4×4ν m4×2D
(m4×2D )
T M2×2
 , (35)
where
M4×4ν . 1 eV, (36)
m4×2D ∼ 100 GeV, (37)
M2×2 ∼ 1013 GeV. (38)
The seesaw formula yields the masses of the three active
and one sterile neutrinos:
m4×4ν ≈M4×4ν −m4×2D (M2×2)−1(m4×2D )T ∼ 1 eV, (39)
which is the desired result. To be more precise, as the
sterile neutrino mass needs to be O(eV) and the active
neutrino masses are . 0.1 eV, we need M4×4ν ∼ O(eV)
and m4×2D (M
2×2)−1(m4×2D )
T . 0.1 eV in this seesaw
formula. This can be achieved by considering small
(. O(10)) hierarchies among the Majorana and Dirac
Yukawa elements.
IV. FINAL REMARKS
In this paper, we have proposed a simple scenario
of warped compactification that naturally realizes large
mass hierarchies of singlet neutrinos. With the assump-
tions that the right-handed neutrinos have their origin
in the extra dimension and that there exist some fluctu-
ations in the mass parameters of the bulk fermions, we
have shown that the eV-scale sterile neutrino can natu-
rally arise in the four-dimensional effective theory. We
conclude with a couple of comments.
First, we have been cavalier about the fine structure of
the light neutrino masses, since such mass differences are
extremely small compared to the large hierarchies that
we focus on. This certainly does not mean that they are
unimportant. See, e.g., [23] for mixing between the active
and sterile neutrinos.
We assumed that one of the mass parameters satis-
fies ν1 =
m1
k < − 12 , while the others satisfy ν2 =
m2
k > − 12 and ν3 = m3k > − 12 . These mild condi-
tions led to the neutrino mass hierarchies in the four-
dimensional theory, with the extremely small parameter
ǫ = ω1 ≈ e−( 12+ν1)pirck ∼ 10−11. The mass parameters
νi are otherwise unconstrained. One may, however, sup-
pose, for example, that the U(1)B−L symmetry breaking
5takes place near the Planck scaleM4 ∼M5 ∼ k; then the
warp factor is fixed to be e−pirck = vBL/v˜BL ∼ 3× 10−6.
In this case, one of the mass parameters is determined as
ν1 ∼ − 32 .
The original Randall-Sundrum scenario [9] addresses
the hierarchy problem of the SM, namely, the fine-tuning
issue of the Higgs potential against radiative corrections.
In our scenario, this issue of course persists, and in or-
der to overcome this one may, for example, resort to su-
persymmetry. In fact, supersymmetric extension of the
scenario presented here is straightforward.
Finally, it is now widely known that the simple 3+1
neutrino model has some tension with the global fit of
short-baseline neutrino oscillation anomalies. The pur-
pose of our work here has been to present a minimalistic
warped compactification scenario that realizes the type
I seesaw mechanism with a sterile neutrino of eV mass
scale. We hope our scenario serves as a simple benchmark
model for further developing more sophisticated neutrino
models.
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